Lead represents a highly prevalent metal toxicant with potential to alter human biology in lasting ways. A population segment that is particularly vulnerable to the negative consequences of lead exposure is the human fetus, as exposure events occurring before birth are linked to varied and long-ranging negative health and behavioral outcomes. An area that has yet to be addressed is the potential that lead exposure during pregnancy alters brain development even before an individual is born. Here, we combine prenatal lead exposure information extracted from newborn bloodspots with the human fetal brain functional MRI data to assess whether neural network connectivity differs between lead-exposed and lead-naïve fetuses. We found that neural connectivity patterns differed in lead-exposed and comparison groups such that fetuses that were not exposed demonstrated stronger age-related increases in cross-hemispheric connectivity, while the lead-exposed group demonstrated stronger age-related increases in posterior cingulate cortex (PCC) to lateral prefrontal cortex (PFC) connectivity. These are the first results to demonstrate metal toxicant-related alterations in human fetal neural connectivity. Remarkably, the findings point to alterations in systems that support higher-order cognitive and regulatory functions. Objectives for future work are to replicate these results in larger samples and to test the possibility that these alterations may account for significant variation in future child cognitive and behavioral outcomes.
Introduction
Extensive epidemiological and clinical literature has documented the adverse effects of lead exposure in young children. In particular, exposure of the mother to heavy metal toxicants during pregnancy has been linked to offspring intellectual impairment (Canfield et al., 2004; Grandjean and Herz, 2015; Needleman et al., 1990) , developmental disorders (Nuttall, 2017; Polanska et al., 2013) , antisocial behavior (Dietrich et al., 2001; Wright et al., 2008) , and adult neurological disorders (Mazumdar et al., 2012) . Several accounts suggest that impairments in executive control and self-regulation may be core deficits cutting across these observed lead-associated phenotypes (Bellinger, 2011; Canfield et al., 2004; Schwartz et al., 2000 Schwartz et al., , 2007 . Despite consistent evidence of the harmful effects of prenatal lead exposure, mechanistic understanding of the processes by which exposure alters human development in utero, and how those alterations result in subsequent cognitive impairments and health risks is lacking. However, new developments in non-invasive fetal magnetic resonance imaging (MRI) avail unprecedented opportunity to directly evaluate the effects of prenatal lead, at the time that they occur, by performing in vivo measurements of fetal brain network development (Schopf et al., 2012; Thomason et al., 2013; van den Heuvel and Thomason, 2016 ). This advance makes it possible to evaluate how integrity of connections within and between separable fetal brain networks varies with presence of confirmed lead exposure during late stages of human pregnancy.
Observed effects of lead neurotoxicity on the central nervous system are widespread. Animal studies have demonstrated that early lead exposure is associated with reduced blood-brain-barrier integrity, altered myelination and synaptogenesis, increased iron deposition, and shifts in brain metabolic content (Zheng, 2001; Zhu et al., 2013) . Results from magnetic resonance imaging studies in humans corroborate these effects, reporting altered myelin microstructure (Brubaker et al., 2009; Sahu et al., 2010) , reduced structural brain volume (Brubaker et al., 2010; Cecil et al., 2008) , altered brain metabolite levels (Cecil et al., 2011; Trope et al., 1998) , and reduced activity in task-relevant brain circuitry (Yuan et al., 2006) in individuals exposed to lead. Furthermore, a subset of human imaging studies have linked MRI findings to individual differences in cognitive performance, suggesting brain changes are likely to be a key determinant in the neurobehavioral consequences of lead exposure (Schwartz et al., 2007) . Despite this extensive cross-species documentation of the pervasive effects of lead on nervous system integrity and function, information about the effects of lead exposure on coordinated activity across large-scale brain systems is lacking. Additionally, while it is well-known that lead crosses the placenta and accumulates in fetal tissues (Gundacker and Hengstschlager, 2012) , neurological studies of lead-exposure have yet to address the effects of lead-exposure measured directly in the prenatal human brain.
Recent advances in fetal resting-state functional connectivity (RSFC) MRI make it possible to perform non-invasive assessment of the connectional organization of human brain networks before birth (Schopf et al., 2012; Thomason et al., 2013; van den Heuvel and Thomason, 2016) . RSFC MRI is a technique that relies on the assumption that areas that show coherence in patterns of functional activity over time during a resting, task-free state are anatomically and functionally connected to one another (Biswal et al., 1995; Smyser et al., 2011; Zhang and Raichle, 2010) . This assumption is supported by demonstration that these covariance patterns map with high fidelity to anatomical architecture (Greicius et al., 2009; Honey et al., 2009 ). Application of the RSFC MRI approach to the fetal brain is relatively new (discussed in van den Heuvel and Thomason, 2016) , but already this approach has led to new insights into normative processes of brain development (Schopf et al., 2012; Thomason et al., 2015) , into alterations in neuroconnectivity that precede preterm birth (Thomason et al., 2017) , and how variation in prenatal neuroconnectivity relates to infant motor outcomes .
Here, we assess the hypothesis that intrauterine exposure to lead disrupts formation of human brain networks before birth. In a sample of typically-developing fetuses we evaluate associations between prenatal lead exposure and brain network integrity, measured using in vivo intrauterine fMRI. Based on newborn blood spot data we derived two subgroups, lead-exposed and lead naïve, that were matched in group size, and on demographic and health variables (Table 1) . It is noteworthy that while we refer to the control cases as lead-naïve, some level of exposure may have been experienced in the control group at some point in pregnancy. Based on prior neurological and behavioral evidence that lead exposure may be particularly deleterious to prefrontal regions and executive control processes (Brubaker et al., 2010; Canfield et al., 2004; Cecil et al., 2008) , we hypothesized brain regions important for cognitive and attentional control, for example areas that contribute to fronto-parietal and default-mode networks, and those in stages of rapid development in this time period, for example temporal and insular cortices, are most susceptible to effects of prenatal lead exposure.
Materials and methods

Study design
Mothers were recruited during routine obstetrical appointments at Hutzel Women's Hospital in Detroit, Michigan during the second trimester of pregnancy. Inclusionary criteria included no contraindications for MRI, maternal age >18 years, and singleton pregnancy. 118 Mothers participated in 1 or 2 fetal brain MRI studies and completed questionnaires regarding thoughts, feelings, demographics, and health history. Medical birth records were obtained after delivery from two sources, with maternal consent: (1) Detroit Medical Center health records system, and (2) State of Michigan health records. Mothers provided written consent to access neonatal blood spots maintained by the Michigan Department of Health and Human Services (MDHHS) Newborn Screening Program.
Prenatal lead exposure assessment
For a subset of participants neonatal blood spot material was extracted from dried newborn bloodspot samples maintained by the MDHHS. Subject selection was based on a number of factors, including availability of samples and prior maternal consent, but also funding, as this was a pilot project. In brief, quality fetal fMRI data (all cases minimum 100 frames; average movement XYZ 0.233 mm and average PRY 0.165 deg) were available in 118 cases; of those, blood spot material were extracted for n ¼ 72. A 6 mm punch and card background material were extracted for each subject, and coded, deidentified samples were then transferred to the MDHHS Bureau of Laboratories (BOL), Division of Chemistry and Toxicology, Analytical Chemistry Section for analysis. Two sample t-tests were used to assess differences between groups for age at birth, birth weight, translational motion, and rotational motion. Mann-Whitney U tests were used to examine differences for non-normally distributed, scalar variables (determined by Shapiro-Wilk Tests of Normality), including age at scan, frame count, and maternal age. Chi-square test was used to examine differences between groups for categorical variables, including ethnicity, education, income, and marital status. Due to small sample sizes, the Chi-square test assumption of each cell having a count of at least 5 was violated for all categorical variables. We observed that all comparisons provided above were non-significant, using twotailed, p < .05.
MDHHS BOL is a College of American Pathologist (CAP) accredited laboratory. Each specimen was handled in the laboratory using universal precautions. The analysis was performed using a 3 mm punch that was removed from the original 6 mm punch, eluted and analyzed on a Perkin Elmer Nexion 300 ICP-MS following Division of Laboratory Sciences, National Center for Environmental Health laboratory procedure published standards (https://www.cdc.gov/nchs/data/nhanes/nhanes_09_ 10/pbcd_f_met.pdf). Lead content was analyzed and reported in units of micrograms of lead per deciliter of blood (μg/dL). The method reporting limit is 1.0 μg/dL and therefore values below 1.0 μg/dL were reported as < 1.0 μg/dL. Based on lead outcomes, equally-sized lead- 
MRI acquisition
Fetuses, age range 23.9-39.6 weeks gestational age, were scanned on a 3T Siemens Verio scanner equipped with a 4-channel abdominal flex coil. Functional images were collected using an echo planar image sequence sensitized to T2* weighted blood oxygenation level dependent (BOLD) signal changes. Dynamic fluctuation in BOLD signal intensity across brain regions, over time, corresponds with vascular response to oxygen delivery demands corresponding to concurrent brain activity. The result is a 4-dimensional record of activity across all brain areas over time. Specific parameters of the gradient echo sequence were as follows: . A total of 360 timeframes were collected in 12 min, and when possible, this sequence was repeated. MRI noise was minimized using earplugs and headphones (mother) and a custom-built belly band (fetuses) to minimize sound.
Fetal fMRI data preprocessing
Fetal RSFC data require extensive preprocessing prior to extraction of a whole brain connectional diagram, or connectome. We have developed a fetal-optimized MRI analysis pipeline that has been used in prior studies (Thomason et al., 2013 (Thomason et al., , 2015 (Thomason et al., , 2017 . The process begins with isolation of segments of >20 s of consecutive low-movement data. Timeframes falling within each low-motion segment are retained for further processing, and all other data are eliminated. Masks are generated for each segment, as fetal head position can change slightly between segments. The brain is manually traced in native image space to produce masks that are then applied using FSL (Smith et al., 2004) . Following brain extraction, brains are reoriented into the standard imaging plane using SPM 8 (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm/). Steps that follow are realignment and normalization into 2 mm isotropic resolution fetal "template space" (Serag et al., 2012) to enable comparisons across subjects in the same coordinate space. Realignment and normalization are performed separately for each segment, then all data are concatenated, realigned (to correct misalignment between segments) and data are spatially smoothed at 4 mm FWHM.
2.5. Whole-brain functional connectome construction 197 brain regions of interest (ROIs) were defined at the group level using spatially constrained spectral clustering (Craddock et al., 2012) . In brief, this is a data-driven technique for defining approximately equally-sized, contiguous units (regions/nodes) that cover the full spatial extent of the cortex, subcortex and cerebellum. We then computed the strength of connectivity, or BOLD signal covariance, between every pair of regions using the Connectivity (CONN) FC Toolbox (ver.14n; www. nitrc.org/projects/conn). Realignment parameters, with another six parameters representing their first order temporal derivatives, were removed with covariate regression analysis, and signals from white matter and cerebral spinal fluid were also regressed out using anatomical component correction (aCompCor; Behzadi et al., 2007; Chai et al., 2012) . Band-pass filtering was set to 0.008 < f < 0.09 Hz to remove the low frequency temporal drifts and high frequency physiological-and scanner-based artifact in the data. Functional connectivity values were then calculated as the pairwise zero-lag bivariate correlation between each of the 19,306 pairs of ROI timecourses, and then Fisher-z transformed. This resulted in a single 197 Â 197 symmetrical adjacency matrix (a functional connectome) for each participant.
Statistical analyses
In order to test neural differences at the functional network level between lead-exposed and lead-naïve participant groups we implemented two parallel procedures. The first was to define subnetworks, following previously described routines (Eggebrecht et al., 2017) , within the total brain architecture, based on data in the connectivity matrices described above. To achieve this objective fetal RSFC connectivity matrices from all available fetal cases, N ¼ 118, were submitted to an Infomap community detection algorithm (Rosvall and Bergstrom, 2008) to generate a systems-wide functional network model composed of 16 unique subnetworks (Fig. 1A) . It was within these data-derived subnetworks that within-and between-network connectivity differences were subsequently tested. In parallel, to investigate the relationship between the RSFC data and gestational age (GA) for each group, we first calculated the Pearson correlation for each Fisher-z-transformed ROI-ROI RSFC pair against GA across subjects. Second, following previously developed methods (Eggebrecht et al., 2017; Marrus et al., 2018; McKinnon et al., 2018; Wheelock et al., 2018; Wheelock et al., (under review) ), methods for enrichment analyses were adapted from those used in largescale genomic association studies (Backes et al., 2014; Khatri et al., 2012; Rivals et al., 2007) . For each study group, each within and between subnetwork pair was tested for enrichment of strong Pearson correlation values, defined as values remaining after being thresholded and binarized at an associated uncorrected P value .05. This process isolated all individual connections for which gestational age (GA) was significantly correlated with computed Fisher-z-transformed RSFC values.
Following these steps, we (1) used chi-square to test within-groups whether the number of significant edges within and/or between the derived subnetworks was significantly greater than chance, given the number of edges within/between each subnetwork, and (2) used the McNemar chi-square test to assess whether the pattern of significant edges within/between each subnetwork was significantly different between-groups. The chi-square test compares the observed number of strong RSFC-GA correlations within a functional network pair to the null hypothesis that assumes the overall number of strong correlations was uniformly distributed across all possible network pairs. The statistic is large when the number of strong correlations within a network pair is much less than (depletion) or much greater than (enrichment) expected. The McNemar statistic uses the number of discordant tests between study groups (b ¼ number of ROI pairs True for lead-naive but false for leadexposed, and c ¼ the number of ROI pairs False for lead-naive but True at lead-exposed). For both the chi-square test of enrichment and the McNemar chi-square test across groups, data-driven empirical P values were calculated using randomization because permutation testing provides control over family-wise error rate, is nonparametric, automatically adjusts to the degree of correlation between tests, and does not make specific assumptions about the shape of the population distribution from which the observations have been derived (Backes et al., 2014) . For each of 10,000 iterations, the subject pairing of RSFC and GA values was randomized to generate a false correlation statistic from which false within-group enrichment chi-square and across-group McNemar chi-square statistics were calculated to generate a null-distribution for each test. Within each iteration, asymptotic P values reflecting depletion were set to 1 to explicitly focus the statistical test on the probability of observing strong enrichment. The brain-wide permutation-based false-positive rate of the P values reflects the empirical probability of calculating the actual observed statistical value from all of the network blocks and represents a brain-wide null distribution for statistical evaluation of the data; thus, the P values presented below are empirically-derived permutation-based P values. This multi-tiered approach to within and between group connectome topography analysis has been employed and described in prior studies (Eggebrecht et al., 2017; Marrus et al., 2018; McKinnon et al., 2018; Wheelock et al., 2018; Wheelock et al., (under review) ). The data and code used in this study will be made available via https://ndar.nih.gov/and/or accessed upon direct request to M.E. Thomason (data) or A.T. Eggebrecht (code).
Results
Lead exposure groups
19.4% of N ¼ 72 newborn bloodspots available for lead testing were positive for detectable levels of lead, ranging from 1 to 11 μg/dL with mean and standard error of the mean (SEM) of 2.43(0.65) μg/dL. 19% is a high proportion of exposure, but this observation fits with prior reports indicating levels in Detroit are higher than national averages (Zhang et al., 2013) . One subject with an estimated level of 7.4 μg/dL was removed from consideration due to a lack of usable fMRI data.
Age-related change in between-and within-network fetal brain connectivity
Lead-naïve and lead-exposed participant groups were separately assessed for changes in network properties with advancing gestational age. We observed age-related change in 7 network pairs in the lead-naïve group, compared to 4 in the lead-exposed group. For the lead-naïve group the most significant effect was seen in connectivity between the right temporal lobe and left posterior parietal cortex and the direction of this effect was predominately negative, denoting diminished connectivity between these regions at more advanced fetal age. For the lead-exposed group the most significant age-related effect was observed in connectivity within the right posterior parietal cortex and was predominately positive, denoting a strengthening of connectivity within parietal regions in older lead exposed fetuses. A complete summary of all between-and within-network pairs that showed significant age-related change in either study group is provided in Table 2 .
Between-group differences in neural network connectivity
Lead-naïve participants exhibited age-related strengthening of crosshemispheric connectivity that was not present in the lead-exposed group. In particular, connectivity of bilateral insular cortices showed age-related effects in the lead-naïve group that was significantly greater than that observed in the lead-exposed group (Fig. 2) . The reverse was noted for connectivity between the superior frontal gyrus (SFG) and posterior cingulate cortex (PCC); lead-exposed fetuses demonstrated significantly greater age-related increases in connectivity between these networks than did lead-naïve fetuses.
Discussion
Growth processes occurring during human embryonic and fetal development are foundational to health and disease across the lifespan. Moreover, it is known that fetal exposure to environmental toxins such as lead can have profound influence on developmental outcomes. However, no prior research has examined the impact of lead exposure on developing fetal brain networks in utero. Here, we report differences in cross-hemispheric and anterior-posterior fetal brain connectivity that are associated with prenatal lead exposure. These results demonstrate that lead exposed fetuses deviate from typical patterns of brain development and suggest that altered neural connectivity may be a biological mechanism underlying poorer cognitive and behavioral outcomes in individuals exposed to lead during the prenatal period.
We observed significant age-related increase in cross-hemispheric connectivity in lead-naïve fetuses that was not observed in leadexposed comparison subjects. Increased cross-hemispheric connectivity is a normative fetal brain maturational process (Jakab et al., 2014; Thomason et al., 2013) and absence of such early connectivity suggests delay toward attainment of neural connections that support intra-hemispheric information transfer. Moreover, the areas involved in this lead-associated anomaly encompass areas of the insular, frontal and temporal cortices. These are particularly notable territories in the developing human brain, in part because they are the origin of spontaneous waves of activity that are postulated to support patterning of neural systems in the fetal brain (Arichi et al., 2017; Thomason, 2018) . Results observed here also align well with prior studies showing that childhood blood lead levels are associated with altered white matter microstructure (Brubaker et al., 2009; Sahu et al., 2010) . Diminished connectivity in utero may precede long-term reduction in integrity of network structure, that in turn may contribute to cognitive deficits associated with neurotoxic insults from significant lead burden.
Another primary observation resulting from this novel comparison is that lead-exposed fetuses demonstrate augmented connectivity between lateral superior frontal gyrus (SFG) and the posterior cingulate cortex (PCC) with advancing age. This is of interest given that the SFG is a major constituent of the frontoparietal control network (FPN) whereas the PCC is a major constituent of the default mode network (DMN). This is a notable dichotomy given that activity in these networks is anticorrelated in the mature human brain, such that engagement of FPN is associated with diminished activity in the DMN and vice versa (Fox et al., 2005) . The functional counterbalance between these systems is widely documented and has behavioral relevance. That is, engagement of the DMN is associated with introspective, stimulus-independent thought, and greater suppression of the DMN during attentionally-demanding tasks is associated with better performance (Hampson et al., 2010; Kelly et al., 2008; Thomason et al., 2008) . Furthermore, both decrement in DMN suppression during task, and hyperconnectivity of the DMN, have been associated with psychopathology (Hamilton et al., 2011; Pomarol-Clotet et al., 2008; Whitfield-Gabrieli and Ford, 2012; Whitfield-Gabrieli et al., 2009) . Overall, dynamic opposition between the FPN and DMN is regarded as a healthy feature of human brain functional network organization. Here we see the reverse in lead-exposed fetuses, enhanced positive FPC-DMN connectivity, a feature with potential to contribute to later developmental psychopathology and executive dysfunction.
It is noteworthy that neural effects associated with lead exposure are not ubiquitous across all brain areas, and instead show specificity. Here, we observe significant differences between two systems, and the direction of effects differs such that each group demonstrates augmented connectivity in one of the pairings. We interpret these as reflecting variation in the order and pattern with which brain subsystems and associated structures mature. This form of heterogeneity of observed neurological correlates of lead exposure has also been previously reported, for example, in the work of Brubaker and Colleagues (2009) cited above. While this group observed widespread patterns of decreased fractional anisotropy in individuals with higher blood lead levels, they observed concomitant increase in radial MD in the corpus callosum and internal capsule, suggesting relatively higher myelin integrity (cf. Winklewski et al., 2018) in individuals with higher levels of lead exposure.
These data represent the first window into the immediate consequences of lead exposure in the human fetal brain, but these observations must be tempered by inherent limitations in our approach. The primary consideration is that the sample size (N ¼ 26) may be underpowered to reliably detect significant effects. Having said this, the results surpassed significance using data driven methodology, iterative permutation was used to set significance levels, and the results involve areas frequently implicated in lead-related neurotoxicity (Bellinger, 2011; Canfield et al., 2004; Cecil et al., 2008; Schwartz et al., 2000 Schwartz et al., , 2007 , suggesting that perhaps these are reliable early programming events that set the stage for future brain developmental processes. Nonetheless, pursuit of replication in a larger sample is warranted.
Another consideration is use of neonatal bloodspots for extracting lead exposure during late stages of pregnancy. Levels of detectable lead in a newborn bloodspot is an estimate covering approximately 28 days, coinciding with the half-life of lead. Reliance on this technique leaves us blind to what happened prior to 30 days before delivery, and moreover exposure is a dynamic process; a single snapshot cannot capture timing or exposure in aggregate. In addition, recent work has called into question The number of significant connections within each network pair varies from region to region, and the proportion of those that are positive and negative also varies. Percentages denote proportion within each network pair that arose from significant positive or negative associations with age. 'Total N' denotes the number of total significant connections within each network pair. Enrichment χ 2 statistics and p-values describe the degree to which the number of significant ROI-ROI pairs within each network pair was greater than could be expected by chance. McNemar p-values describe the statistical difference between lead exposed and control fetal ROI-ROI connectivity within each network pair. Fig. 2 . Lead-exposed and lead-naïve participant groups differences in neural connectivity between and across networks. Differences were observed in two network pairs. Bi-lateral connectivity across insular-temporal cortices showed greater increase with age in lead-naïve fetuses (panel B upper), whereas leadexposed fetuses showed a strengthening of lateral prefrontal (SFG) to posterior cingulate (PCC) connectivity with age that was not present in the comparison group (panel B lower). Both observations suggest lack of advancement of typical processes with the same rate in lead-exposed fetuses, as cross-hemispheric increases and reduced PCC-SFG have been observed as normative fetal brain developmental processes (Jakab et al., 2014; Thomason et al., 2014) .
the accuracy of lead estimates extracted from dried blood spots (Funk et al., 2015) . A promising alternative for future work is to collect children's naturally shed deciduous teeth, as these contain biological signatures of metal exposures with temporal order beginning in week 15 of pregnancy (Modabbernia et al., 2016 ). An obvious drawback of this alternative is that collection of teeth can be impractical, but if possible, the upside would be an opportunity for evaluation of critical windows and mixture effects. Two final considerations are that this small sample did not afford opportunity to examine sex-differences (cf. Cecil et al., 2008; Tong et al., 2000) , or to link neural effects to variation in individual child outcomes. Both are significant future goals for the expanding exposome field of human developmental neuroscience. Indeed, it is well recognized that males and females demonstrate variation in sensitivity and vulnerability to insults in early development (Bale, 2016; Barnett and Scaramella, 2013; G oes et al., 2015; Whitfield et al., 1997) . Further, it is essential to move beyond isolation of traits that differentiate exposure groups at a single timepoint, to follow development longitudinally to determine which of the observed effects precipitate developmental concerns, versus those that recover with developmental plasticity. These are utterly critical targets for future work that could offer core insight into predisposition for and consequences of neurological vulnerability to prenatal metal toxins.
In summary, two unprecedented observations have been achieved in this novel application of fetal fMRI to the formidable field of neurobiological consequences of lead exposure. Lead-exposed fetuses demonstrated relatively less age-related increase in cross-hemispheric connections and also exhibited heightened connectivity of the superior frontal gyrus and the posterior cingulate cortex with age. Both results suggest that the lead exposed group is deviating from typical patterns of development that involve both cross-hemispheric connectivity and negative signal coupling in lateral frontal control regions and the PCC.
